A Mg-Zn-Y-Zr alloy sheet containing icosahedral quasicrystalline particles and Zr-rich particles has been developed by the thermomechanical processes, i.e. hot extrusion and hot rolling. The grain size is found to be 5 mm. The superplastic deformation behavior of the alloy has been investigated. Under the test condition in the strain rate range of 5 Â 10 À4 to 5 Â 10 À2 s À1 and the temperature range between 300 C and 450 C, large elongation to failures are observed, especially around 600% at 450 C (5 Â 10 À4 s À1 ). During superplastic deformation, the concurrent grain growth rate is significantly retarded by the presence of I-phase particles, thermally stable at the temperature up to around 500 C. In addition, the formation of cavities is found to be negligible because of interfacial coherency between icosahedral quasicrystalline particles and the -Mg matrix. Although superplastic deformation could be relatively prevented by the pinning effect of the distributed particles, microstructure stability can provide large elongation to failure in such an alloy.
Introduction
The potential use of magnesium alloys in the industry is nowadays increasing due to an attractive advantage of high specific strength over competitive materials. But the customary Mg sheets are not suitably available at present for meeting corrosion resistance and formability. Thus, it is needed to develop the highly formable wrought magnesium alloys. For such alloys, the microstructure should be preferred to be refined, providing large elongation to failure at elevated temperatures. [1] [2] [3] Achieving grain refinement, the alloys must effectively undergo dynamic recrystallization (DRX) during the conventional processes in the point of practical application. 4) Some second-phase particles distributed in the alloy have been found to effectively act as a nucleation source of dynamic recrystallization during hot working; more particles sometimes provide the smaller grained microstructure. For example, the grain size of AZ91 alloy containing Mg 17 Al 12 particles can reach approximately 2 mm through hot-extrusion. 5) But the incoherent Mg 17 Al 12 particles distributed in an AZ91 alloy are so thermally weak that the microstructural evolution, such as grain growth and cavitation, is significant during high temperature deformation. 6) In the present study, we investigate the superplastic deformation behavior of a Mg-rich Mg-Zn-Y-Zr alloy sheet in which two different types of particles, i.e. icosahedral quasicrystalline phase (I-phase) and Zr-rich phase particles, are distributed in the -Mg matrix. The small grains around 5 mm are easily developed by the conventional thermomechanical processes, i.e. hot extrusion and hot rolling. For the particle-reinforced alloy, the superplastic deformation behavior has been systematically studied.
Materials and Experimental Procedure
The alloys used in this study are a Mg 95 Zn 3:0 Y 0:5 Zr 1:5 alloy in atomic percentage and an AZ91 alloy (average grain size $5 mm) for comparison. The ingot of the Mg 95 Zn 3:0 Y 0:5 Zr 1:5 alloy is prepared in an electric resistance furnace using commercial-grade metals under a dynamic SF 6 /CO 2 protective atmosphere. Small pieces of zinc, yttrium, and zirconium are dropped into the magnesium melt, and then the melt is poured into a cylindrical mold of 7 cm in diameter and 20 cm in height. Figure 1 (a) shows a scanning electron microscopy (SEM) image of the as-cast sample and a transmission electron microscopy (TEM) image of the interdendric region, that is, an eutectic of I-phase and -Mg phase, is shown in Fig. 1(b) . The volume fraction is around 0.07, obtained by an image analysis method. Furthermore, Zr-rich particles are found to be distributed in the -Mg matrix as shown in Fig. 1(c) . The details are given elsewhere.
7)
The cylindrical sample is homogenized at 400 C for 24 hours and extruded at 300 C (reduction $ 90%). To fabricate a sheet, the block sample is hot-rolled from 10 mm to 1 mm thickness (reduction $ 90%). It is preheated at 400 C for 10 min and then rolled with a reduction ratio of $15% per each pass. The test material is mechanically polished and etched with an etchant (6 mL acetic acid, 10 mL distilled water, 100 mL ethanol, and 5 g picric acid). Figure 2 shows optical micrographs of (a) the extruded and (b) rolled sample on the L(longitudinal) -T(long transverse) plane. The grains developed during hot extrusion are equiaxied with average grain size of 15 mm and the I-phase is found to be aligned along the extrusion direction. After rolling, the very fine equiaxied grains of 5.0 mm are developed via dynamic recrystallization (DRX) and the I-phase is fragmented and distributed more randomly in the -Mg matrix.
To investigate thermal stability of I-phase in the alloy, differential thermal analysis (Perkin Elmer, DTA7) is conducted. During continuous heating with a heating rate of 0.67 K/s, the first endothermic peak appears with onset temperature of around 500 C as shown in Fig. 3 . This peak is recognized as the melting of the eutectic pockets in the alloy. An increment of the -Mg/I-phase eutectic temperature is around 60
C with Zr addition, compared to that of the Mg-Zn-Y alloy system. 8) The more thermally stable eutectic phase can extend the hot working regime, thereby providing an ease of developing finer grains via dynamic recrystallization during the thermomechanical processes.
To investigate the superplastic deformation behavior, uniaxial tension test is performed on dog-bone specimens of the sheet (specimen gauge length = 8.5 mm) under a constant strain rate condition in the temperature range of 350 to 450 C and in the strain rate range of 5 Â 10 À4 to 5 Â 10 À2 s À1 . Cross-head speed is controlled by computer through a digital interface board on an Instron-type machine. Before the test, the load train is preheated to the test temperature within a clamshell furnace having three heating zones independently controlled, and then the test is performed by placing the specimen into the load train. Typically the heating-plus-holding time prior the test is around 10 min. The fluctuation of the temperature during the test is AE1 C. Interruptions are made to the test to examine microstructural variation during deformation. Decremental step strain rate tests are also conducted in the temperature range of 375 to 450 C to determine the stress vs. strain rate relationship of the alloy in the strain range of 2 Â 10 À5 to 1 Â 10 À1 s À1 . Details of the experimental procedure of the decremental step strain rate test can be found elsewhere. of 350 to 450 C are shown in Fig. 4(a) . Flow stress is relatively higher at lower temperature. Also flow stress is also dependent on the strain, increasing with increasing strain at the temperature above 375 C in the uniformly deformed range due to concurrent grain growth. But at 350 C, flow stress slightly decreases with increasing strain due to grain refinement via dynamic recrystallization (which will be shown later). Near the fracture, apparent flow stress drops sharply due to strain localization of diffuse necking. Figure 4 (b) shows strain rate effect on the true stress vs. the true strain curves at the very high temperature of 450 C in the strain rate range of 5 Â 10 À2 s À1 up to 5 Â 10 À4 s À1 . Overall yield stress is relatively lower at lower strain rate. At low strain rates (5 Â 10 À4 $1 Â 10 À3 s À1 ), apparent flow stress is found to increase with increasing strain, but at high strain rates, the flow stress drop is shown: This behavior is related to the microstructure evolution during deformation mentioned above.
From the tests, elongation to failure of the alloy at a strain rate of 1 Â 10 À3 s À1 in temperature range of 350 C up to 450 C is given in Fig. 5 in which that of the AZ91 alloy at 400 C is also plotted for comparison. Large elongation to failure around 600% at 450 C is observed, increasing with increasing temperature, which is somewhat different from an AZ91 alloy that shows the peak value at the intermediate temperature. 10) 3.2 Microstructure evolution during superplastic deformation From the experimental results, it is obvious that different mechanisms of plasticity lead to the different microstructural evolution behaviors in the temperature and strain rate range investigated. The microstructure of the Mg 95 Zn 3:0 Y 0:5 Zr 1:5 alloy and the AZ91 alloy is shown in Figs. 6(a) and (b) respectively, obtained by performing interruption test up to strain of 0.8 (at strain rate = 10 À3 s À1 and temperature = 400 C). Equiaxied grains are still maintained in both alloys but the grain size is found to be much smaller in the Mg 95 Zn 3:0 Y 0:5 Zr 1:5 alloy. Moreover, the alloy does not reveal any cavities, but the AZ91 alloy shows many large cavities. In general, debonding at the intermetallic compound particle/matrix interface has been regarded to be an initial stage of the failure source in the high temperature deformation, for example a Mg 17 Al 12 particle in the AZ91 alloy, and the coalescence of many cavities can cause the failure of such an alloy.
6) A number of defects have been reported to grow rapidly due to constrained material flow near the particle at high temperature.
11) However, the interface between the micrometer scale I-phase particle and the matrix has been found to be almost coherent in the Mg-Zn-Y alloys and the particles are stable against coarsening during deformation near the melting temperature of the eutectic, forming a stable quasicrystalline particle/matrix interface. 3) In the Mg 95 Zn 3:0 -Y 0:5 Zr 1:5 alloy, the I-phase particles are more stable up to around 500 C and effectively prohibit microstructural evolution of the -Mg matrix by the particle pinning effect, providing large elongation to failure during high temperature deformation. C, in which the data points are obtained by interrupted test of deforming the samples to the predetermined strain. Just before starting the test, the initial grain size of 5 mm is grown to be approximately 8 mm during the heating-plus 10 min holding time to stabilized the test temperature. The linear variation of the current grain size (D) for largely strained samples can be related to the following from 12, 13) 
when D o is a grain size before starting the test, is a constant and " is a strain. Based on eq. (1), the values normalized by D o , ð1=D o ÞðdD=d"Þ, is plotted as a function of strain in Fig. 7(b) . In the low strain rate of 1 Â 10 À3 s À1 and 5 Â 10 À4 s À1 , the grain growth rate steadily increases with decreasing strain rate. The grain growth rate of the Mg 95 Zn 3:0 Y 0:5 Zr 1:5 alloy can be observed to be much lower than that of the AZ91 alloy due to the strong pinning effect of the I-phase particles. On the other hand, in a high strain rate of 5 Â 10 À2 s À1 and 5 Â 10 À3 s À1 , the grain refinement is observed due to the dynamic recrystallization process during deformation.
Deformation mechanism at high temperature
It has been generally shown that the creep behavior of metallic alloys consisting of a large amount of second phase, for example, metal matrix composite, is controlled by deformation within the matrix. 14) To understand the controlling mechanisms of plasticity at high temperatures, stress vs. strain rate relationship of the Mg 95 Zn 3:0 Y 0:5 Zr 1:5 alloy at several different temperature up to 450 C are plotted in a double-logarithmic scale in Fig. 8 . The entire data of strain rates were determined within an accumulated strain of around 0.2. In such a small strain, the effect of microstructural evolution on the flow stress would be negligible.
9) The linearly shaped curves in the log vs. log _ " " relationship (where = stress and _ " " = strain rate) are observed, but the slope of the curves changes in the high strain rate range. To obtain an understanding of the mechanisms involved at high temperatures, a creep equation of the following form 15) is used.
where A is a constant, n is the stress exponent, Q is the activation energy, R is the gas constant and T is the absolute temperature. Based on the equation and the curvefitted experimental data, the calculated values of n (¼ d log _ " "=d log ) and Q (¼ ÀRðd ln _ " "=dð1=TÞÞ) in two different regimes are given in Table 1 .
In the high strain rate region ( _ " " > 10 À2 s À1 ), the determined n value is $5:0, and the activation energy is found to be slightly higher, 146.3 kJ/mol, than that of lattice selfdiffusion for pure magnesium (135 kJ/mol 16) ). It is believed that this small increase in activation energy for the Mg 95 Zn 3:0 Y 0:5 Zr 1:5 alloy could partly be due to the effects of an interaction between dislocations and particles or solute atoms. Based on the calculated values of n and Q dislocation creep of the coupled dislocation glide-climb process 17) can explain the flow behavior in the high strain rate region.
In the low strain rate region ( _ " " < 10 À2 s À1 ), the stress exponent n is $1:6, although a value of n ¼ 2 is sometimes used to explain the grain boundary sliding (GBS) mechanism incorporating the threshold stress effect for a fine-grained material.
18) The determined activation energy is higher, 107.8 kJ/mol, than that of grain boundary diffusion for pure magnesium (92 kJ/mol 16) ) for the Mg 95 Zn 3:0 Y 0:5 Zr 1:5 alloy, whose value is obtained from the curve fitting to data as shown in Fig. 8 . These calculated parameters reveal that the dominant deformation mechanism for the Mg 95 Zn 3:0 Y 0:5 Zr 1:5 alloy is GBS accommodated by grain boundary activities, that is, grain mantle creep. 9) In such an alloy, the transition to superplasticity is observed in the strain rate range of 1 Â 10 À3 to 5 Â 10 À3 s À1 . From these results, although the I-phase particles can effectively prohibit the microstructural variation (i.e. grain size variation and cavitation) during superplastic deformation, GBS recognized as the superplastic deformation mechanism, may not be effectively activated anyway. Thus, the finer grained microstructure is required to obtain high strain rate superplasticity, which can be achieved by either the improvement of the thermomechanical processes or the development of the alloy containing more stable particles.
Conclusions
The fine-grained Mg-Zn-Y-Zr alloy consisted of I-phases and Zr-rich particles has been easily developed by the conventional thermomechanical processes i.e. hot-extrusion and hot-rolling. The I-phase particles are fragmented and distributed in the -Mg matrix during the hot-rolling process and Zr particles can play an additional role in developing fine grains via dynamic recrystallization. From the systematic constant strain rate tests in the superplastic deformation region, large elongation to failure around 600% at 450 C is observed, increasing with increasing temperature. The variation of flow stress during superplastic deformation is essentially correlated to microstructural evolution of the -Mg matrix. Conventional DRX, decreasing the flow stress, is activated under the dislocation creep, but dynamic grain growth, increasing the flow stress, occurs under the deformation which is controlled by grain mantle creep.
A large amount of particle-strings in the Mg-Zn-Y-Zr alloy can effectively prevent against microstructural evolution. The I-phase particles almost coherent with the -matrix in the Mg-Zn-Y-Zr alloy are stable at high temperature up to 500 C, forming a stable quasicrystalline particle/matrix interface, compared with that of commercial AZ91 alloy. This coherent nature also provides the negligible cavity formation at the quasicrystalline particle/-Mg interface. Therefore, although superplastic deformation could be relatively prevented by the pinning effect of the distributed particles, microstructure stability can provide large elongation to failure in such an alloy. 
